Introduction
Observations of magnetopause reconnection by Magnetospheric Multiscale (MMS) have revealed that energy conversion can occur in highly localized regions of the electron diffusion region (EDR) much more rapidly than previously expected ; ; Ergun et al. [2016a Ergun et al. [ , 2017 ; Chen et al. [2017] ; Hwang et al. [2017] ; Genestreti et al. [2017] . This energy conversion rate is often expressed as the work rate of the non-ideal electric field, or ì Zenitani et al. [2011] , where ì J is the current density, ì E is the electric field, ì B is the magnetic field, and ì v e is the electron bulk velocity. Cassak et al. [2017] analyzed 2.5-d particle-in-cell (PIC) simulations of three of these EDR events. They found that the MMS-observed energy conversion rates were up to several orders of magnitude larger than what was seen in their simulation for laminar steady-state reconnection. One explanation offered by Cassak et al. is that the large energy conversion rates observed by MMS may constitute localized bursts of activity in time and/or space rather than the global rate. Given the ubiquity with which larger-than-predicted ì J · ì E are observed in magnetopause EDRs, it is possible that spatial and/or temporal burstiness is also ubiquitous.
To further investigate the steadiness or burstiness of energy conversion in the EDR, we consider Poynting's theorem, which in differential form is
where u = ( 0 E 2 + B 2 /µ 0 )/2 is the electromagnetic energy density and ì S = ì E × ì B/µ 0 is the Poynting vector. (Note that in Poynting's theorem, the energy conversion rate ì J · ì E contains both ideal ì J · (−ì v e × ì B) and non-ideal ì J · ì E terms.) The rate of change of the electromagnetic energy density ∂u/∂t is zero in any perfectly steady-state process, in which case the power exerted by the electric field on the particles ì J · ì E is balanced by the net electromagnetic energy flux into a volume ∇ · ì S at every point in space. When integrated over a volume, Poynting's theorem says the net electromagnetic energy flux into a volume is balanced by the power exerted by the particles on the fields in the entire volume. For example, in an idealized (2-d, laminar, steady-state, and symmetric) reconnection ion diffusion region (IDR), the net difference between the electromagnetic energy densities flowing into the reconnection site E M B L /µ 0 and expelled from the reconnection site E M B N /µ 0 balances the rate of energy conversion within the reconnection site contributed mainly by J M E M . In this coordinate system, ±L is the direction of the reconnecting magnetic fields, N is the current sheet normal in the reconnection plane, and M completes the right-handed coordinate system. Swisdak et al. [submitted] suggested the dissipation of B M may also occur within the asymmetric EDR,
given the presence of a non-zero J N E N . With MMS, it is possible to approximate each of the terms in Poynting's theorem to assess the extent to which reconnection is steady-state.
In this letter we present the first experimental determination of equation (1) et al. [2014, 2016] ; and a non-ideal energy conversion rate that was peaked between the X and electron stagnation points. We consider a time in the simulation, Ω ci,sh t = 17.16 as shown in the vertical line in Figure 1a , where reconnection has evolved and is progressing at a more or less constant reconnection rate E, as shown as a function of time t. ì J · ì E, ∇ · ì S, and ì
in Figure 1b along a normal-directed cut through the X-point and also over a 2-d domain in 
Poynting's theorem from MMS observations
On 28 November 2016, MMS crossed very slowly from the magnetosphere to the magnetosheath through an EDR [Genestreti et al., submitted] . The separation between the MMS probes was close to the smallest separation used by MMS to date, at 6.4 km or ∼ 4.5 d e,sh .
When MMS crossed the magnetosphere-side separatrix, it was in the southern outer EDR or the IDR. MMS then moved northward into the central EDR, where non-ideal energy conversion ( ì J · ì E > 0) was observed near the X-point. Here, all four spacecraft were simultaneously within the ì J · ì E > 0 region. Likely as a result of the slow crossing and small inter-probe separation, Genestreti et al. [submitted] found that the divergence and curl terms in the generalized Ohm's and Ampere's laws were very well resolved by the four-probe linear gradient technique Chanteur [1998] . Furthermore, they found evidence that the structure of the current sheet and electric field may have been consistent with the 3-d and turbulent picture of asymmetric reconnection Price et al. [2016 Price et al. [ , 2017 , rather than the 2-d and laminar picture.
They based this conclusion on observations of large in and out-of-the-reconnection plane electron pressure forces in the central EDR, as net pressure forces out-of-the reconnection plane cannot occur in the 2-d picture. et al. [2016] , and the plasma electron moments from the fast plasma investigation Pollock et al. [2016] . We have to make a number of assumptions in order to approximate the terms in Poynting's theorem.
(1) We assume the fields and plasma moments vary linearly within the volume of the tetrahedron. (2) We smooth the AC-DC electric field data to obtain a DC field.
We assume that ∇ · ì S AC and ∂u AC /∂t (which cannot be resolved with the linear gradient technique) do not affect the balance of energy on the scale of the MMS tetrahedron.
First, we check the validity of these assumptions. Figure 2 shows MMS data near the intense out-of-plane electron current layer around the X-point. The region of intense current, non-ideal energy conversion, electron agyrotropy, anisotropic electron heating, etc., is highlighted in yellow. The magnetosheath separatrix is in pink. As is shown in Fig. 2c , the barycentric current density vector can be calculated nearly identically using either the curlometer technique (blue) or the 4-spacecraft-averaged plasma moments data (red). This is an indication that the variation of the DC magnetic field may have been approximately linear within the tetrahedron volume. Genestreti et al. [submitted] was also able to accurately calculate the electron pressure divergence term in generalized Ohm's law, which is an indication that the variations in the plasma electron moments were approximately linear. Figure 2d shows that the energy density of the AC electric field is small compared to the energy density in the DC field in the EDR. Here, the DC field is determined by smoothing the coupled AC-DC electric field over 0.1 seconds and the AC field is defined as the difference of the two.
Given the speed of the magnetopause was estimated to be 31 km/s [Genestreti et al., submitted] and d e,sh ≈ 1.4 km, this 0.1-s smoothing time corresponds to a distance of roughly 2 d e,sh , which is comparable to the spatial smoothing used to analyze our PIC simulation. As is shown in Figure 2d , the energy in the AC field only becomes comparable to the energy of the DC field in the separatrix (pink boxed) region. For this reason, we focus our investigation solely on the EDR.
We do not expect that the terms in equation (1) ent technique cannot clearly and closely reproduce features of the reconnection region, e.g., the dissipation rate ; Genestreti et al. [2017] . As such, we define a "good quality" estimation of the terms in equation (1) as one in which both sides of the equation, which are determined separately, are roughly equivalent. I.e., if ∂u/∂t and the errors associated with its calculation are roughly equal to − ì J · ì E − ∇ · ì S and their associated errors then we assume that the error terms are small.
The terms in equation (1) are shown for the 28 November event in Figure 3 .
shown in Fig. 3a , is determined by the inner product of the curlometer current Chanteur
[1998] and the 4-point-averaged smoothed (DC) electric field in the spacecraft frame. (There are no significant differences between the spacecraft frame and the magnetopause frame). Fig 3b, is determined by taking the linear divergence of the cross product of the DC electric and magnetic fields. According to our quality criterion, − ì J · ì E − ∇ · ì S (Fig   3c) should be equivalent to our independently calculated ∂u/∂t (Fig 3d) . Here, ∂u/∂t is calculated as ∂u/∂t = du/dt − ì v e · ∇u, where the full time derivative is determined from the time series of 4-point-averaged DC fields and the electron velocity ì v e is used in the convective derivative. For all terms, ∇ is approximated with the linear gradient technique Chanteur
[1998].
First we note that the left (Fig. 3d ) and right-hand (Fig. 3c ) sides of equation (1) match extraordinarily well, which was our ultimate quality criterion. The largest value of ì J · ì E ≈ 1.8 nW/m 3 is dominated by the action of the in-plane electric field components E L and E N on the plasma. The largest energy conversion and influx rates are also observed at 7:36:55.7 UT between the reconnection mid-plane (7:36:55.5 UT) and the magnetosheath-side separatrix (7:36:56.4 UT), rather than at the center of the current sheet. Also, while ì J · ì E and ∇ · ì S balance one another in the center of the current sheet, they are not balanced elsewhere. Both methods for calculating ∂u/∂t show that the electromagnetic energy density is increasing on either side of the current sheet. While the electric field intensity may also be changing in time, this energy density increase appears to be almost entirely from an increase in the magnetic energy density. The largest value of ∂u/∂t ≈ 1.5 nW/m 3 is comparable in magnitude to the largest value of ì J· ì E ≈ 1.8 nW/m 3 and is nearly three times larger than the predicted value of J M E M, pr ed ≈ 0.6. Overall, we conclude that the EDR was not in a steady state at the time when and place where it was observed by MMS. Furthermore, we note that the cause of the energy accumulation is an overcompensation for the field-to-plasma energy conversion by more rapid energy influx (i.e., −∇ · ì S > ì J · ì E > 0). Note that balance between ì J · ì E (Fig 3a) and ∇ · ì S (Fig 3b) is achieved at the current sheet center near/at the X-line, which is marked by the vertical dashed green line in Fig 3. The energy conversion due to the reconnection electric field J M E M (dashed red line in Fig   3a) is largest at the center of the current sheet. The value of J M E M ≈ 0.7 nW/m 3 is also almost identical to the predicted maximum value for steady-state reconnection with a reconnection rate of 0.1. Given the upstream conditions for this event listed in Table 1 of Genestreti et al. [submitted] and the Cassak-Shay formula for the asymmetric reconnection rate Cassak and Shay [2007] , the predicted reconnection electric field is E M, pred ≈ 0.5 mV/m.
Together with the observed maximum current density of J M ≈ 1.1 µA/m 2 , this yields a predicted energy conversion rate of J M E M, pred ≈ −0.6 nW/m 3 . Also as expected, more electromagnetic energy enters the central current than is expelled from it, as ∂S N /∂N ≈ −2.4 nW/m 3 , ∂S L /∂L ≈ 1.9 nW/m 3 , and because of a small but finite ∂S M /∂ M, we find ∇ · ì S ≈ 0.6 nW/m 3 . All of this leads to balance between the energy conversion and Poynting flux divergence terms at the X-point, where − ì J · ì E − ∇ · ì S and ∂u/∂t are both near zero. The balance of each of these terms matches qualitatively with both our simple theory and our PIC simulation results. However, since ì J · ì E is not balanced by −∇ · ì S elsewhere in the EDR, it is not clear if the balance of these two terms at/near the X-point is significant. (Note also that the exact agreement between J M E M and J M E M, pred requires a reconnection rate of 0.1, which is only a conical "order of magnitude" estimate rather than a known quantity.)
Discussion
We have investigated energy conversion in the central reconnection diffusion region by evaluating the source/loss ( ì J · ì E), flux divergence (∇ · ì S), and time evolution (∂u/∂t) terms in Poynting's theorem. In theory, at the center of a symmetric steady-state laminar 2-d reconnecting current sheet, the energy conversion rate J M E M balances the energy flux
We analyzed a 2.5-d
particle-in-cell simulation of asymmetric reconnection and confirmed that, during a period where the reconnection rate was steady-state, energy balance ( ì J · ì E = −∇ · ì S 0 such that ∂u/∂t = 0) is achieved in an area around the reconnection site in addition to the center of the reconnection site. For an MMS event, we found that the two sides of Poynting's theorem could be approximated uniquely and equivalently in such a way where the errors in each term were likely very small. Overall, we found that ì J · ì E and ∇ · ì S did not balance one another as −∇ · ì S > ì J · ì E > 0, leading to magnetic energy accumulation in the EDR. However, at the center of a reconnecting current sheet at/near the X-line, MMS observed energy balance similar to our basic theory for steady-state reconnection.
Our conclusion is that reconnection was not locally steady-state at the time when and place where it was observed by MMS. Given the strength of J N E N and the co-located negative value of ∂S L /∂L, we suggest that this MMS-observed EDR may be better described 
